Developmental parameters and photoperiodism in Trigonotylus tenuis (Reuter) (Heteroptera: Miridae) were examined using wheat seedlings as food. The thermal threshold and effective cumulative temperature were 12.5°C and 91.9 day-degrees in the egg stage, 12.7°C and 155.8 day-degrees in the nymphal stage, and 11.7°C and 49.7 day-degrees in the preoviposition stage. Mean longevity of female and male adults at 25°C was 18.4 and 22.8 days, respectively, and a female adult laid 203 eggs on average. A temperature-dependent long-day photoperiodic response was observed in the maternal induction of egg diapause. At 17.5, 20 and 22.5°C, females showed a clear response to the photoperiod with a critical daylength of around 12.5 h/day; females reared under short-day conditions laid diapause eggs whereas those reared under long-day conditions laid nondiapause eggs. At higher temperatures (25, 27.5 and 30°C), however, females responded little to the photoperiod, irrespective of which they laid a high percentage of nondiapause eggs. Based on comparisons with T. caelestialium, a species closely related to T. tenuis, this photoperiodism is considered to be an adaptation to southern climates.
INTRODUCTION
Bugs of various families in Heteroptera suck young rice grains and this results in pecky rice at harvest. Such bugs are called 'pecky rice bugs' and damage from pecky rice bugs has been increasing, especially in northern Japan, the major source of rice in the country (Shiraishi, 2001; Higuchi and Takahashi, 2003) . The rice leaf bug Trigonotylus caelestialium, not recognized as an important pecky rice bug except in Hokkaido, has recently been expanding colonized areas in northern Honshu, severely damaging rice crops in the Tohoku and Hokuriku districts (Higuchi and Takahashi, 2003; Watanabe and Higuchi, 2006) . In this species, fundamental life history characteristics, i.e., overwintering status (Higuchi and Takahashi, 2002) , seasonal occurrence of egg diapause (Okuyama, 1982; Kudô and Kurihara, 1988; Higuchi and Takahashi, 2005) and photoperiodic and thermal induction of diapause (Okuyama, 1982; Kudô and Kurihara, 1989; Higuchi and Takahashi, 2005) have been examined.
Another species in the genus Trigonotylus, T. tenuis had not been recorded on the mainland until it was recently found in southwestern Japan in Okayama, Hiroshima and Nagasaki Prefectures (Sato and Yasunaga, 1999a, b) . This species is considered to be of southern origin because it is widely distributed in tropical and temperate zones (Schuh, 1995) . T. tenuis has never been recorded in northern Japan, but in southwestern Japan, according to reliable records, T. tenuis and T. caelestialium coexist (Sato and Yasunaga, 1999b) . It is very likely that due to their similar appearance, T. caelestialium and T. tenuis have been confused, and thus, the records of insects treated as T. caelestialium, especially in southwestern Japan, are partially unreliable (Sato and Yasunaga, 1999b; Yasunaga et al., 2001) . In southern Kyushu, T. caelestialium is considered to be uncommon because only T. tenuis has been collected in Miyazaki Prefecture (Shintani, unpublished) . Yasunaga et al. (2001) strongly doubted past records from the Nansei Islands, located south of Kyushu. This information suggests that T. caelestialium is adapted to northern climates.
It is likely that T. tenuis is also a pecky rice bug because of its similarity in food habituation to other pecky rice bugs. Except for its morphology (Sato and Yasunaga, 1999a, b) , however, little is known about the fundamental characteristics of this species. In the present study, the thermal threshold and effective cumulative temperature were determined, and fecundity and photoperiodism were examined in T. tenuis. Here, the ecological significance of photoperiodism in T. tenuis is discussed based on comparisons with T. caelestialium.
MATERIALS AND METHODS

Insects.
About 200 adults of T. tenuis were collected from Poaceae grasses by sweeping an insect net near rice paddy fields in Izumi-Sano City (34.4°N, 135.3°E), Osaka on August 31, 2002. According to Sato and Yasunaga (1999a) , the collection site in the present study is located near the northernmost limits of the species in Japan. The insects collected were brought to the laboratory and mass-reared under 16L : 8D (16 h of light and 8 h of dark) at 25°C following the method for massrearing of T. caelestialium reported by Higuchi and Takahashi (2000) . Briefly, the insects were placed in acryl amide cages (34 cmϫ25 cmϫ34 cm) with wheat seedlings about 5 cm tall as food. The wheat was grown from seed in Petri dishes (9 cm diameter) with soil at 25°C for four or five days, before being put into the cages. They also served as oviposition sites for adult insects and were changed every seven to ten days. When insects were needed for experiments, adult insects or leaf sheaths inside which eggs were laid were taken out randomly from the mass-rearing culture.
Determination of developmental parameters. To determine the thermal threshold and effective cumulative temperature for embryonic, nymphal and preoviposition development, insects were incu-bated or reared from egg to adult stages at various temperatures (17.5, 20, 22.5, 25, 27.5 and 30°C) under 16L : 8D. Adult insects from the mass-rearing culture were reared at one of these temperatures. Laid eggs were collected, placed on wet filter paper in Petri dishes (9 cm diameter), and incubated at the same temperatures. Hatching nymphs were transferred to plastic cups (12 cm diameter, 12 cm height) and reared successively at the same temperatures. The nymphs were provided with wheat seedlings washed free of soil and checked for adult emergence every day. Some of the nymphs were examined for the number of molts at 25°C. Adults were paired in a glass tube (17.5 cm high and 2.5 cm thick) on the day of emergence. Two wheat seedlings (about 5 cm tall) were placed upright in a wet sponge fixed at the bottom of the glass tube. The upper end of the glass tube was closed with a piece of nylon mesh. The wheat seedlings were changed every day and leaf sheaths were checked for eggs. The collected eggs were kept at the same temperatures and hatching was checked every day. Thermal threshold was determined using a formula proposed by Ikemoto and Takai (2000) ; DTϭkϩtD, where D indicates the duration of development; T, temperature; t, the estimated thermal threshold; and k, the effective cumulative temperature.
Adult longevity and fecundity. To examine longevity and fecundity, newly emerged adults in the mass-rearing culture were paired in glass tubes on the day of emergence. Twenty pairs were made and reared with two wheat seedlings. The seedlings were changed every day and the leaf sheaths were checked for eggs. The number of eggs laid was recorded until death. If the female died first, only the male was reared thereafter, whereas if the male died first, another male was placed in the glass tube as a new partner. The dates of emergence and death of adults were recorded.
Photoperiodism. Eggs were removed from the mass-rearing culture and placed on wet filter paper in a Petri dish under 16L : 8D at 25°C. Hatching nymphs were reared in plastic cups under various photoperiodic conditions at 17.5, 20, 22.5, 25, 27.5 and 30°C. Adults that emerged under these conditions were paired in glass tubes on the day of emergence (day 0), and laid eggs were collected every day until day 6 at 25 to 30°C, until day 8 at 20 and 22.5°C, and until day 20 at 17.5°C. The eggs were incubated under 16L : 8D at 25°C and diapause attributes were determined. The percentage of diapause eggs in each condition was obtained as the average data for individual pairs. Unfertilized eggs were excluded from analysis. Table 1 shows the egg, nymphal and preoviposition periods in T. tenuis. The mean egg period at 30, 27.5, 25, 22.5 and 20°C was 5.4, 6.2, 7.1, 9.0 and 12.5 days, respectively. Nymphs underwent five instars and the mean nymphal period at 30, 27.5, 25, 22.5, 20 and 17.5°C was 9.2, 10.8, 12.4, 15.5, 21. 2 and 33.0 days, respectively. The mean preoviposition period at 30, 27.5, 25, 22.5 and 20°C was 2.9, 3.2, 3.5, 4.4 and 6.2 days, respectively. From these data, the thermal threshold and effective cumulative temperature for each stage were calculated as 12.5°C and 91.9 day-degrees for the egg stage, 12.7°C and 155.8 day-degrees for the nymphal stage, and 11.7°C and 49.7 daydegrees for the preoviposition stage (Table 2) . Figure 1A shows survival curves for adult T. tenuis at 25°C. Longevity varied from 8 to 27 days in females and 6 to 37 days in males with mean values (ϮS.D.) of 18.4Ϯ5.0 and 22.8Ϯ8.0 days, respectively. The time course of oviposition at 25°C is shown in Fig. 1B . Oviposition started on day 3 after the emergence of adults in most females and oviposition reached a maximal level of activity from days 5 to 7. During this period, more than 10 eggs were laid daily; thereafter, the activity gradually decreased. The overall number of eggs reached 203Ϯ35 (meanϮS.D.).
RESULTS
Developmental parameters
Adult longevity and fecundity
Photoperiodism
No significant difference in the nymphal or preoviposition period was observed among insects reared under various photoperiods (ANOVA, pϾ0.05). Namely, the development of neither the nymphal nor preoviposition stage was controlled 261 Life History Characteristics in T. tenuis by the photoperiod. For example, the mean nymphal period under various photoperiodic conditions at 20°C was 21 to 22 days and 20 to 21 days in females and males, respectively, and the mean preoviposition period under various photoperiodic conditions at 20°C was about 6 days. In the embryonic stage, however, two types of development were observed; some eggs hatched on days 6 to 8 at 25°C but others did not hatch for some months when kept at the same temperature. Both types of eggs were banana-shaped and green when laid, and thus, it was impossible to distinguish them early in embryonic development. However, their appearance differed from day 3; the non-hatching eggs were colored violet near the operculum and green at the other end, with a gradual change in color in the middle, and this appearance did not change for at least a few months, whereas the hatching eggs continued development, with their appearance changing daily. It has been observed in T. caelestialium that in eggs laid by adults reared under short-day conditions, embryonic development ceases at an early stage (Okuyama, 1982; Kudô and Kurihara, 1988) . Okuyama (1982) confirmed that such eggs hatch after chilling for a few months and considered the phenomenon to be diapause. Also in T. tenuis, it was found that non-hatching eggs exposed to chilling at 5ºC for two months hatched after being returned to 25°C (Shintani, unpublished). Thus, it was concluded that nonhatching eggs were diapause eggs. Differences between diapause and nondiapause eggs appeared three days after oviposition, but because the collected eggs were kept under the same conditions (25°C and 16L : 8D), this diapause was considered to be induced maternally. Figure 2 shows the incidence of diapause under various photoperiods and temperatures. At 30°C, diapause did not occur under any of the photoperiodic conditions. At 27.5 and 25°C, diapause did not occur under any photoperiod from 13L : 11D to 16L : 8D; however, under 12L : 12D at 27.5°C, diapause occurred in 6% of the eggs, and under 11L : 13D and 12L : 12D at 25°C, it occurred in 18 and 2% of the eggs, respectively. At 22.5, 20 and 17.5°C, however, a clear long-day photoperiodic response was observed with a critical daylength of around 12.5 h/day: under a photoperiod of 13L : 11D or longer, diapuse occurred in few if any of the eggs, whereas under 11L : 13D and 12L : 12D, diapause occurred in most if not all of the eggs. Under 12.5L : 11.5D, diapause occurred in 33, 47 and 70% of the eggs at 22.5, 20 and 17.5°C, respectively.
DISCUSSION
As an adaptation to seasonally changing environments, many insects enter diapause by responding to seasonal cues such as temperature and photoperiod (Tauber et al., 1986; Danks, 1987) . In the present study, it was shown that T. tenuis enters diapause early in the egg stage by responding to temperature and photoperiod in parental generation. In many insects that have facultative egg diapause, whether an egg enters diapause or not depends on the environmental conditions experienced by its parental generation (Danks, 1987; Mousseau and Dingle, 1991) . In the silkworm Bombyx mori, for example, egg diapause is induced or avoided by the temperature and photoperiod experienced by eggs and young larvae of the preceding generation (Kogure, 1933) . In the band-legged ground cricket Dianemobius nigrofasciatus, egg diapause is controlled by parental photoperiod and temperature, although egg temperature also has an important effect on diapause induction (Fukumoto et al., 2006) . Also in T. caelestialium, the species closely related to T. tenuis, egg diapause is maternally induced early in the embryonic stage (Okuyama, 262 Y. SHINTANI and H. HIGUCHI 1982; Kudô and Kurihara, 1989) . In T. tenuis, because a high percentage of diapause eggs are laid under short-day conditions and diapause eggs do not hatch for long periods unless they experience chilling, this species is considered to overwinter in the egg stage in diapause as does T. caelestialium (Higuchi and Takahashi, 2002) .
In the majority of insects examined, photoperiodic responses are thermally modified and interaction between photoperiod and temperature is expressed in thermal alternation of the critical daylength. In long-day insects, long daylengths and high temperatures function together to prevent diapause, and short daylengths and low temperatures function together to promote diapause. This leads to shorter critical daylengths with higher temperatures. Among insect species, however, a wide variation is found in the degree to which critical daylength shifts with temperature, but such mechanisms generally have a role in modulating the timing of diapause to synchronize with yearly variable seasonal changes in the environment (Beck, 1980; Tauber et al., 1986; Saunders, 2002) . The long-day photoperiodic response found in T. tenuis is also thermally modified, but the interaction between photoperiod and temperature is different in that temperature up to 22.5°C does not alter the critical daylength of around 12.5 h/day, and higher temperatures produce almost no diapause under any photoperiod. In other long-day insects, temperature does not alter critical daylength to any great degree, but it has an important effect on whether the insects respond to the photoperiod at all. For example, in a flesh fly Sarcophaga argyrostoma, which enters pupal diapause when larvae are reared under short-day conditions, all photoperiods at 25°C produce almost no diapause (Saunders, 1971) . In the case of T. tenuis, the critical daylength of the photoperiodic response is about 12.5 h/day, and this occurs around the 10th of October at the collection site when one hour is added as civil twilight. According to meteorological data (e.g., Japan Meteorological Agency, 1997), the average temperature in Kumatori Town (34.4°N, 135.4°E), Osaka, for the 11 days between October 5th and 15th from 1997 to 2006, was 19.5°C. The highest average temperature was 21.5°C in 1999 and the lowest was 17.5°C in 1997. In this season, temperatures as high as 25°C are only reached for a few hours at a time. Therefore, it is considered that T. tenuis starts to lay diapause eggs in the same season every year, and the temperature-dependent photoperiodism may not be fully functional in Osaka.
In the subtropics, however, this temperaturedependent photoperiodism may function to modulate the timing of diapause. In Amami City (28.4°N , 129.5°E), Amami Island (in the Nansei Islands), for example, a daylength of 12.5 h/day occurs around the 14th of October. The average temperature for the 11 days between October 9th and 19th in the last 10 years has been 24.2°C (e.g., Japan Meteorological Agency, 1997). The highest average temperature was 25.7°C in 2005 and the lowest was 21.4°C in 1997. If autumn temperature is higher, as in 2005, diapause is avoided even under short daylengths and more generations are produced, and if the autumn temperature is lower, as in 1997, diapause is induced.
The optimal range for the photoperiodism of T. tenuis (17.5 to 22.5°C) seems remarkably different from that of T. caelestialium. Okuyama (1982) examined the photoperiodism of T. caelestialium collected in Asahikawa City (43.8°N, 142.3°E), Hokkaido at 23-25°C, and discovered that they responded clearly to the photoperiod with a critical daylength of between 13 and 14 h/day. Kudô and Kurihara (1989) also showed that T. caelestialium collected in Morioka City (39.7°N, 141.2°E), Iwate Prefecture clearly responded to the photoperiod at 25°C. Higuchi and Takahashi (2005) demonstrated that T. caelestialium collected in Joetsu City (37.1°N, 138.2°E), Niigata Prefecture responded to the photoperiod at 25°C but found that the response was less clear at 22°C because diapause occurred in a substantial proportion of the eggs laid under 14L : 10D and 15L : 9D. Another geographic population collected in Azuchi Town (35.1°N, 136.1°E), Shiga Prefecture also showed a long-day photoperiodic response at 25°C with a critical daylength of around 13.5 h/day (Shintani, unpublished) . These findings indicate that the optimal temperature for photoperiodism in T. caelestialium is 25°C or higher and this species starts to lay diapause eggs in early autumn. T. caelestialium has a multivoltine life cycle and the number of generations per year varies geographically from two to five depending on climatic conditions (Okuyama, 1982; Yasunaga et al., 2001; Higuchi and Takahashi, 2003) . T. tenuis undoubtedly has a multivoltine life cycle because field-collected adults laid nondiapause eggs, and subsequent generations were reared in the laboratory. The thermal threshold and effective cumulative temperature of each stage and adult longevity in T. tenuis determined in the present study are comparable to those in T. caelestialium (Takahashi and Higuchi, 2001 ) and, thus, the time required for one generation is not so different. In part of the Kinki district, which is located in the central area of Honshu Island, the two species coexist at some sites (N. Hozumi, personal communication). At such sites, it is considered that autumnal prevalence differs clearly between the two species. Apparently, T. caelestialium is of northern origin and has a tendency to prepare for winter earlier in the season by laying diapause eggs when the temperature is relatively high, but T. tenuis produces more generations late into autumn. The difference in the optimal temperature range and critical daylength for photoperiodism likely comes from the difference in origin.
